what is known already: Recent evidence suggests that early time-lapse parameters are predictive of blastocyst development. Similarly, a number of candidate genes in cumulus cells have been identified as potential markers of embryo viability. Relationships between time-lapse parameters and candidate gene expression in cumulus cells have not been investigated, and a combined analysis of these markers has not been attempted in relation to embryo quality. study design, size, duration: A total of 78 embryos obtained by ICSI from 22 patients were studied by time-lapse and measurement of cumulus cell gene expression of known markers of embryo viability. Time-lapse and cumulus cell gene expression data were assessed in relation to embryo quality on Day 5. participants/materials, setting, methods: All women, aged 32-40 years, underwent ICSI treatment for male infertility.
Introduction
The ability to identify the embryo that is most likely to implant remains one of the most significant challenges of reproductive medicine. This is particularly important in fertility clinics implementing a single embryo transfer (SET) policy (Sullivan et al., 2012) . Grading systems based on morphological observations every 1 -2 days have remained the primary method for selecting embryos to transfer from a patient's cohort of embryos (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group Embryology, 2011) . While it is well established that morphological parameters are a major indicator of embryo quality, there are drawbacks associated with this traditional approach, including removing the embryos from a controlled environment (Nagy et al., 2003; Scott et al., 2007; Qian et al., 2008) . Additionally, although examination of morphological parameters at the blastocyst stage of development offers improved embryo selection, there may be negative effects of prolonged culture on embryo development, such as epigenetic modifications and adverse fetal outcomes (Blake et al., 2007; Katari et al., 2009; Dumoulin et al., 2010; van Montfoort et al., 2012) . Therefore, the ability to predict blastocyst development and accurately select embryos early in culture may be advantageous.
There is a continuing search for novel embryo assessment strategies, especially early in culture, which may lead to increased pregnancy rates. Such strategies, especially those that are less subjective and more quantitative in nature, could be used in addition to traditional morphological grading to improve embryo selection. While preimplantation genetic screening is a powerful predictor of implantation, it is invasive and expensive. Non-invasive strategies of embryo selection are attractive, and among the most widely investigated strategies for improving embryo selection non-invasively are time-lapse photography of the developing embryo and gene expression in the associated cumulus cells (Fragouli et al., 2013; Uyar et al., 2013; Kaser and Racowsky, 2014) .
Currently, many fertility clinics are employing time-lapse monitoring systems for constant embryo monitoring during undisturbed culture. Several early time-lapse parameters have been proposed to be predictive of development to the blastocyst stage and blastocyst quality, suggesting that time-lapse monitoring could eventually reduce the need for prolonged culture to the blastocyst stage of development (Wong et al., 2010; Meseguer et al., 2011; Cruz et al., 2012; Hashimoto et al., 2012; Kirkegaard et al., 2013) . However, there has been limited consensus on which time-lapse parameters are the most predictive of blastocyst development, and this needs to be investigated further. In terms of pregnancy rates, a recent randomised control trial has confirmed that the use of time-lapse parameters may increase the ongoing pregnancy rate by up to 10%, highlighting the ability of this type of embryo selection strategy to improve clinical outcomes (Rubio et al., 2014) . However, there is a need for well-designed RCTs that independently assess the effects of undisturbed culture and selection models on pregnancy rates (Kirkegaard et al., 2015) .
Transcriptomic analysis of cumulus cells could also offer a quantitative and non-invasive strategy for embryo selection. Cumulus cells surround the oocyte during development and are pivotal in determining oocyte developmental competence. Due to the extensive bi-directional signalling between the cumulus cells and the oocyte, it is thought that cumulus cells can offer important molecular information regarding oocyte quality (Gilchrist, et al., 2008; Fragouli et al., 2013; Uyar et al., 2013) . Therefore, cumulus cell gene expression has been studied as a marker of oocyte developmental competence and embryo quality. Genes involved in metabolism, steroidogenesis, signalling and cumulus expansion have been investigated in relation to oocyte maturity, fertilization, embryo quality on Days 2 and 3, and also maternal ageing (McKenzie et al., 2004; Cillo et al., 2007) . Several studies have shown correlations between cumulus cell gene expression and blastocyst development (Feuerstein et al., 2007; Wathlet et al., 2011; Feuerstein et al., 2012; Wathlet et al., 2012; Ekart et al., 2013) . Therefore, analysing the expression levels of certain genes in cumulus cells may also offer an additional way to select embryos.
While studies have shown time-lapse monitoring and cumulus cell gene expression may offer valuable information regarding embryo quality, to the best of our knowledge there have been no studies evaluating the relationships that exist between these two variables. An objective of the current study was to establish whether the timing of early cleavage events are reflective of cumulus cell gene expression. We hypothesize that due to the important role that the cumulus cells play in determining oocyte developmental competence, along with the extensive communication that occurs between the two cell types, gene expression levels in cumulus cells will reflect the time-lapse parameters of the developing embryo. Specifically, in the present study the timing of pronuclear breakdown (PNB), cleavage to two to five cells, and cell cycle times were correlated to the expression levels of genes involved in energy metabolism, mitochondrial biogenesis, signalling, cell stress, cumulus cell expansion and steroidogenesis. The study also investigated whether cumulus cell gene expression and time-lapse parameters related to embryo quality on Day 5, and whether a combination of the two improved the prediction of embryo quality.
Materials and Methods

Ethical approval
Ethical approval for this study was received in 2013 from the University of Auckland Human Participants Ethics Committee (reference number 9967).
Time-lapse parameters reflect embryo gene expression
Patient selection
A total of 22 sequential couples were invited to take part in this study and gave written informed consent. All women underwent ICSI treatment for male infertility and their embryos were incubated in the Primo Vision Time-Lapse Monitoring System (Vitrolife, Gö teborg, Sweden) at Fertility Associates Clinic, Auckland, New Zealand. Cumulus cell gene expression was investigated in relation to timing of early cleavage events and embryo grade on Day 5. The women were aged 32 -40 years (median age of 37) at the time of oocyte collection. The women had an average body mass index of 24 kg/m 2 , exhibited no signs of polycystic ovary syndrome (according to the Rotterdam criteria)or endometriosis (the latter two were exclusion criteria) and were, on average, on their second treatment cycle. Women underwent ovarian stimulation mainly using an antagonist protocol (68%) or a microdose flare protocol (23%) and 9% underwent a standard long-course, all being preceded by the contraceptive pill. An average of 11 oocytes were collected (ranging from 5 to 28).
Cumulus cell collection and embryology
At 36 h after the administration of an ovulation trigger, the cumulus oocyte complexes were collected and rinsed in G-MOPS Plus media (Vitrolife). At 38 -40 h post-hCG, individual cumulus oocyte complexes were exposed to HYASE solution (G-MOPS Plus media and HYASE concentrate, Vitrolife) and manually pipetted in order to dissociate the oocyte from its surrounding cumulus cells. After the denuded oocytes were transferred to their injection dish, cumulus cells were collected, centrifuged at 2400 g for 2 min, and washed twice with phosphate-buffered saline (PBS) (Sigma-Aldrich, Auckland, New Zealand). The cumulus cell pellet was resuspended in 50 ml PBS and snap frozen in liquid nitrogen. Samples were stored at 2808C until RNA extraction. Oocytes were injected using ICSI at 38 -40 h post-hCG, and were subsequently cultured in individual 20 ml culture drops of G-IVF plus media (Vitrolife) under light paraffin oil (Vitrolife), at 378C under 5% O 2 and 6% CO 2 . At 18 h post-injection, embryos were transferred to a 9 or 16 well Primo Vision embryo culture dish containing G-1 Plus media (Vitrolife) and incubated at 378C under 5% O 2 and 6% CO 2 . in the Primo Vision Time-Lapse Monitoring System to Day 3, with images taken every 10 min in seven focal planes. On Day 3, embryos were taken out of the Primo Vision monitoring system, transferred into 20 ml micro-drops of G-2 Plus media (Vitrolife) under light paraffin oil and cultured at 378C under 5% O 2 and 6% CO 2 to Day 5.
Embryo quality assessment on Day 5
Blastocysts were graded on Day 5 (113-115 h post-injection) according to the degree of expansion of the blastocoel cavity and the number and quality of cells of both the inner cell mass and trophectoderm using the Gardner scheme for blastocyst development (Gardner et al., 2000) . Embryos that did not reach the blastocyst stage of development on Day 5 were graded as a morula (compacting embryos without a blastocoel) or arrested (embryos that had ceased development or showed signs of degeneration). For analysis, embryos were grouped based on the protocol used in Kirkegaard et al. (2013) with adaptions for Day 5 of development and the addition of a group of embryos that failed to reach the blastocyst stage. Briefly, these groups were high-quality blastocysts (3-5, AA, AB, BA), moderate quality blastocysts (1, 2 and 3 -5 BB, BC, CB and CC) and low-quality embryos failing to reach the blastocysts stage of development (morula and arrested).
Timing of early cleavage events
Time-lapse images of each embryo were retrospectively analysed using the Primo Vision Analyser Software (Vitrolife). Timings of early cleavage events were annotated in hours post-injection, but were analysed relative to pronuclear breakdown (rPNB) in order to account for potential variation associated with recording time of injection for individual oocytes from a patient cohort (Kramer et al., 2014) . Annotated events included; time to pronuclear breakdown (tPNB), defined as the first image where the two pronuclei are no longer visible; the first cell division leading to two cells (t2C); and the time to three cells (t3C), four cells (t4C) and five cells (t5C), with each division being defined as the time where the cell membranes are completely separate. Additionally, cell cycle times were calculated, including time from two to three cells (t3C-2C), time from three to five cells (t5C-3C) and the synchrony of the division from two to four cells (t4C-2C) (Campbell et al., 2013) .
Cumulus cell RNA extraction and cDNA synthesis RNA was isolated from cumulus cells using the RNAqueous-Micro kit (Ambion, Austin, USA) according to the manufacturer's instructions. Total RNA was eluted in 20 ml of elution buffer and subsequently treated with 1 U of DNase 1 (Ambion, Austin, TX, USA). RNA concentration was too low to permit an accurate quantity assessment. cDNA was synthesized using the SuperScript III First-Strand Synthesis System in conjunction with 3 mg of Random Primers (Invitrogen, Auckland, New Zealand).
cDNA pre-amplification cDNA was amplified using the TaqMan PreAmp system (Applied Biosystems, Auckland, New Zealand). For each sample, a 30 ml reaction consisted of 7.5 ml of cDNA, 7.5 ml of custom TaqMan pool (0.2 × each assay) and 15 ml TaqMan PreAmp 2X mastermix. A no-template control reaction was performed for cDNA pre-amplification by substituting cDNA with 7.5 ml nuclease free water. The thermal cycling conditions for cDNA preamplification were denaturation at 958C for 10 min, followed by 14 cycles of 958C for 15 s and 608C for 4 min.
Quantitative real-time PCR
The TaqMan array human endogenous control panel (Applied Biosystems, Auckland, NZ), consisting of 16 reference genes, was used to select the most stably expressed reference genes across four cumulus cell samples (Table I) . Following reference gene selection, the expression of 31 genes was evaluated for the cumulus cell samples using custom TaqMan array cards (Table I) . Of note, 20 TaqMan array cards were configured to analyse 31 genes in triplicate for 78 samples. Each TaqMan gene expression assay had a reaction volume of 1 ml, consisting of a forward and a reverse primer at a concentration of 900 nM and a 6-carboxyfluorescein (FAM) dye-labelled TaqMan MGB probe at a concentration of 250 nM. For each sample undergoing TaqMan array human endogenous control panel analysis, a reaction mix consisting of 40 ml of unamplified cDNA (100 ng), 2X TaqMan gene expression master mix and nuclease free water to a final volume of 100 ml was added to each reaction port. For each sample undergoing custom TaqMan array analysis, a reaction mix consisting of 30 ml of pre-amplified cDNA, 2X TaqMan gene expression master mix and nuclease free water to a final volume of 100 ml was added to each reaction port. The array cards were centrifuged and sealed according to the manufacturer's instructions in order to fill the wells and to prevent cross-contamination. The TaqMan array cards were run on the QuantStudio 12 K Flex, in conjunction with the QuantStudio software (Applied Biosystems, Auckland, New Zealand).
Cumulus cell gene expression analysis
The ExpressionSuite software (Applied Biosystems, Auckland, NZ) was used to combine the QuantStudio files for the 20 TaqMan array cards in order to perform gene expression analysis. Threshold cycles were set to be the same across all samples for a given assay. Beta actin ACTB Hs99999903_m1
Beta-2-microglobulin B2M Hs99999907_m1
Glyceraldehyde 3 phosphate dehydrogenase GAPDH Hs99999905_m1
Beta glucuronidase GUSB Hs99999908_m1
Hydromethylbilane synthase HMBS Hs00609297_m1
Hypoxanthine phosphoribosyl transferase 1 HPRT1 Hs99999909_m1
Importin 8 IPO8 Hs00183533_m1
Phosphoglycerate kinase 1 PGK1 Hs99999906_m1
Polymerase (RNA) II (DNA directed) polypeptide A, 220 kDa POLR2A Hs00172187_m1
Cyclophilin A PPIA Hs99999904_m1
Ribosomal protein, large, P0 RPLPO Hs99999902_m1
TATA-box binding protein TBP Hs99999910_m1
Transferrin receptor (p90, CD71) TFRC Hs99999911_m1
Ubiquitin C UBC Hs00824723_m1
Tyrosine 3-monooxygenase YWHAZ Hs00237047_m1
Custom Taqman array card
Hypoxanthine phosphoribosyltransferase 1 HPRT1 Hs02800695_m1
Glucuronidase, beta GUSB Hs00939627_m1
Lactate dehydrogenase A LDHA Hs01378790_g1
Phosphofructokinase, platelet PFKP Hs00242993_m1
Solute carrier family 2 (facilitated glucose transporter), member 4 SLC2A4 Hs00168966_m1
Hyaluronan synthase 2 HAS2 Hs00193435_m1
Versican VCAN Hs00171642_m1
Prostaglandin-endoperoxide synthase 2 PTGS2 Hs00153133_m1
Gremlin 1 GREM1 Hs01879841_s1
Progesterone receptor PGR Hs01556702_m1
Follicle stimulating hormone receptor FSHR Hs00174865_m1
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1, 7.5 kDa NDUFA1 Hs00244980_m1
ATP synthase, H+ transporting, mitochondrial Fo complex, subunit E ATP5I Hs00273015_m1
Cytochrome c oxidase assembly homolog 10 COX10 Hs01093077_m1
ATPase, H+ transporting, lysosomal 70 kDa, V1 subunit A ATP6V1A Hs01097169_m1
Cytochrome P450, family 11, subfamily A, polypeptide 1 CYP11A1 Hs00167984_m1
Sirtuin 1 SIRT1 Hs01009005_m1
Sirtuin 3 SIRT3 Hs00953477_m1
Heat shock 70 kDa protein 5 (glucose-regulated protein, 78 kDa) HSPA5 Hs00607129_gH
Peroxiredoxin 3 PRDX3 Hs00428953_g1
Thioredoxin 2 TXN2 Hs00912509_g1
Superoxide dismutase 2, mitochondrial SOD2 Hs00167309_m1
BCL2-associated X protein BAX Hs00180269_m1
B-cell CLL/lymphoma 2 BCL2 Hs00608023_m1
Peroxisome proliferator-activated receptor gamma PPARG Hs01115513_m1
Peroxisome proliferator-activated receptor gamma, coactivator 1 alpha PPARGC1A Hs01016719_m1
DNA-directed RNA polymerase, mitochondrial POLRMT Hs04187596_g1
Nuclear respiratory factor 1 NRF1 Hs00192316_m1
Transcription factor A, mitochondrial TFAM Hs01082775_m1
Time-lapse parameters reflect embryo gene expression was loaded with the no-template control cDNA pre-amplification reaction and showed no evidence of product amplification. The mRNA expression levels of the 27 genes of interest were normalized to a geometric mean of four reference genes (hypoxanthine phosphoribosyltransferase 1-HPRT1, glucuronidase, beta-GUSB, importin 8-IPO8 and glyceraldehyde 3 phosphate dehydrogenase-GAPDH). All gene expression assays were performed in accordance with The Minimum Information for Publication of Quantitative Real-Time PCR Experiments guidelines (Bustin et al., 2009) . Functional categories for the selected genes of interest in cumulus cells are shown (Fig. 1 ).
Statistical analysis
Each follicle was treated as an independent observation owing to the unique environment in which each follicle develops and acquires its developmental potential. For example, even within individual patients, follicles will be at different developmental stages and be exposed to different conditions, such as differences in blood supply, which may be reflected in cumulus cell gene expression. A Spearman's rank correlation was used to analyse relationships between cumulus cell gene expression and early cleavage timings in the developing embryo (GraphPad, La Jolla, USA). Cumulus cell gene expression and time-lapse parameters were analysed in relation to embryo quality on Day 5 using analysis of variance with Kruskal -Wallis tests and Dunn's multiple comparisons tests (GraphPad). Multivariable ordinal logistic regression was used to analyse the prediction power of cumulus cell gene expression and timelapse parameters for embryo quality on Day 5. Covariates with complete data for the full embryo cohort were used to construct the final model if they showed a significant association with embryo quality on Day 5 following univariable ordinal logistic regression (SPSS, New York, USA). Statistical significance was taken as P , 0.05.
Results
Time-lapse parameters in relation to embryo quality on Day 5
The timings of PNB, and 2C, 3C, 4C and 5C rPNB, as well as the cleavage intervals for 3C-2C, 4C-3C and 5C-3C were calculated and analysed in relation embryo quality on Day 5. t4C rPNB was the only timing that showed a statistically significant difference between the different groups of embryo quality on Day 5, where high-quality embryos reached four cells quicker than low-quality embryos (P , 0.05) (Table II) .
Cumulus cell gene expression in relation to embryo quality on Day 5
Expression levels of the candidate genes in cumulus cells were analysed in relation to the associated embryo quality on Day 5. Differences in the expression levels of ATP synthase, H+ transporting, mitochondrial Fo complex, subunit E (ATP51), the endoplasmic reticulum (ER) stress marker heat shock 70 kDa protein 5 (HSPA5), the glycolytic gene phosphofructokinase platelet (PFKP), the mitochondrial antioxidant peroxiredoxin 3 (PRDX3) and the cumulus expansion gene versican (VCAN) were observed between the three levels of embryo quality on Day 5 (Fig. 2) . Higher expression levels of ATP51 were observed in cumulus cells associated with high-quality embryos on Day 5, compared with those of moderate quality (P , 0.01). Conversely, lower expression levels of both HSPA5 and VCAN was observed in cumulus cells associated with high-quality embryos on Day 5, compared with those of moderate quality (P , 0.01 and 0.05, respectively). For PRDX3, lower expression levels were observed in cumulus cells that were associated with high-quality embryos compared with low-quality embryos (P , 0.05). Following the Kruskal -Wallis test, PFKP expression in cumulus cells was significantly different between embryo quality groups, and approached significance following Dunn's multiple comparisons test between high-and moderate-quality embryos (P , 0.05 and P ¼ 0.05, respectively). Expression levels of the remaining candidate genes were also analysed in relation to embryo quality on Day 5, but they did not differ between those cumulus cells associated with high-, moderate-or low-quality embryos (P . 0.05).
Correlations between cumulus cell gene expression and time-lapse parameters
Correlations between cumulus cell gene expression and time-lapse parameters were performed in order to investigate the relationship between these two variables in the developing embryo. Lower expression levels of some of the candidate genes in cumulus cells correlated to increased timing to early cleavage events in the developing embryo. Cumulus cell expression of ATPase, H+ transporting, lysosomal 70 kDa, V1 subunit A (ATP6V1A) was negatively correlated to t3C rPNB and t5C rPNB (P , 0.05). Expression of another oxidative phosphorylation gene, NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 1 (NDUFA1), negatively correlated to t5C rPNB and t5C-3C (P , 0.01). The glycolytic gene lactate dehydrogenase A (LDHA) was negatively correlated to t2C rPNB (P , 0.05) (Table III) . Positive correlations were also observed where higher expression levels of some of the candidate genes in cumulus cells correlated to increased timing to early cleavage events in the developing embryo. Further metabolism genes in cumulus cells were shown to correlate to time-lapse parameters in this way, where expression of PFKP showed a strong positive correlation to t3C rPNB (P , 0.0001) and t3C-2C (P , 0.001) and a weaker correlation to t4C rPNB and t5C rPNB (P , 0.01). A glucose transporter, solute carrier family 2, member 4 (SLC2A4), also showed a positive correlation to t3C rPNB and t5C rPNB (P , 0.05) and the interval of t3C-2C (P , 0.01) (Table III) .
In addition to genes involved in cumulus cell metabolism, two genes involved in steroid synthesis and signalling were positively correlated to time-lapse parameters. The steroid synthesis gene, cytochrome P450, family 11, subfamily A, polypeptide 1 (CYP11A1), positively correlated to both t3C rPNB and t3C-2C (P , 0.05). Prostaglandin-endoperoxide synthase 2 (PTGS2), a cumulus signalling gene, positively correlated to t3C rPNB and t3C-2C (P , 0.05). In addition to being positively correlated to time-lapse parameters, PTGS2 was the only gene to correlate to t4C-3C, where it showed a negative correlation (P , 0.05) (Table III) .
Two genes involved in cell stress in cumulus cells were also identified as being positively correlated to time-lapse parameters of the developing embryo. The ER stress marker, HSPA5, was one of these cell stress genes, where its expression positively correlated to t3C rPNB, t5C rPNB and t3C-2C (P , 0.01), and also t4C rPNB (P , 0.05). The Values are represented as mean (SD). tPNB is the time to pronuclear breakdown (PNB) relative to insemination. t2C, t3C, t4C and t5C are the respective timings relative to PNB. t3C-2C is the second cell cycle representing time spent as a 2-cell embryo; t4C-3C represents the synchrony of the two divisions from a 2-cell embryo to a four cell embryo; t5C-3C represents time from a three cell to a 5-cell embryo. Kruskal -Wallis tests were performed for comparison between high-, moderate-and low-quality embryos, where *P , 0. other gene in this category was PRDX3, the mitochondrial antioxidant, which strongly correlated to t3C-2C (P , 0.0001), t3C rPNB and t4C rPNB (P , 0.001) positively and t5C rPNB to a lesser extent (P , 0.01) ( Table III) . Two genes involved in maintaining the mitochondrial DNA were also found to positively correlate to time-lapse parameters of the associated embryo. Expression of DNA-directed RNA polymerase, mitochondrial (POLRMT), showed a positive correlation towards t3C-2C (P , 0.05). The other mitochondrial DNA maintenance gene, transcription factor A, mitochondrial (TFAM), showed a positive correlation towards t5C-3C (P , 0.05). Expression of the remaining candidate genes in cumulus cells showed no evidence of correlating to time-lapse parameters of the associated embryo (Table III) .
Ordinal logistic regression model for embryo quality on Day 5
Ordinal logistic regression was used in order to investigate whether a model that included both cumulus gene expression variables and time-lapse parameters of the associated embryo could be built to predict embryo quality on Day 5. Following univariable ordinal logistic regression, cumulus cell gene expression of NDUFA1 and PRDX3 and the developmental event t4C rPNB in the associated embryo showed significant associations with embryo quality on Day 5. NDUFA1 showed a negative relationship with lower embryo quality (P , 0.05), and PRDX3 and t4C rPNB both showed positive relationships with lower embryo quality (P , 0.01 and P , 0.05, respectively). Further, all of the embryos in the cohort (n ¼ 78) expressed NDUFA1 and PRDX3 in their cumulus cells. The final multivariable model therefore included NDUFA1, PRDX3 and t4C rPNB. Following multivariable ordinal logistic regression, the x 2 statistic was significant, indicating that the model gave an improvement over the baseline intercept only model (P , 0.01) (Table IV) . However, in the final multivariable model NDUFA1, PRDX3 and t4C rPNB could not significantly predict embryo quality on Day 5, with each variable showing marginal and relatively equal non-significance (P . 0.05) ( Table V) .
Discussion
The timing of early cleavage events reported for this cohort of embryos are supported by previous studies (Campbell et al., 2013; Bronet et al., 2015) . The current study analysed timings relative to PNB in order to normalize the data and remove possible inaccuracies associated with reporting time to insemination. A previous study has reported that the development of high-quality blastocysts on Day 6 can be predicted by the short duration of the first cytokinesis, duration of the three cell stage and no direct cleavage from one to three cells (Kirkegaard et al., 2013) . A different study, which also analysed time-lapse parameters in relation to blastocyst quality, found that high-quality blastocysts completed the second and third cleavage divisions more rapidly than lowquality blastocysts (Hashimoto et al., 2012) . Additionally, another study found that early cleavage to the 4-cell and 5-cell stages, as well as synchrony in the division from three to four cell stages, was predictive of high-quality blastocysts (Cruz et al., 2012) . The present study also showed that high-quality blastocysts reached four cells earlier than lowquality embryos on Day 5, consistent with previous work. None of the other time-lapse parameters evaluated were found to distinguish high-, moderate-and low-quality embryos. It is possible that with a larger sample size, other timings could have reached significance in this embryo cohort. The current study also investigated whether cumulus cell expression of the candidate genes was related to embryo quality on Day 5. Of the candidate genes analysed, the expression of ATP51, HSPA5, PFKP, PRDX3 and VCAN were the found to correlate to embryo quality on Day 5. The oxidative phosphorylation gene, ATP51 showed higher expression in those cumulus cells associated with high-quality embryos, compared with those of moderate quality (P , 0.01), which could represent increased capacity to synthesize ATP in cumulus cells from higher quality embryos. It should be noted that the same trend was not observed between the high-and low-quality groups however, so the relationship between ATP51 expression and embryo quality should be investigated in a larger cohort to confirm this finding. Interestingly, ATP51 has been reported to have decreased expression in cumulus cells following maternal ageing, a change which suggests an association of this gene with oocyte developmental competence (McReynolds et al., 2012) . In the current study, lower expression of HSPA5 (P , 0.01), PFKP, PRDX3 and VCAN (P , 0.05) was found to be associated with high-embryo quality on Day 5. Cumulus cell expression of PFKP and VCAN have both been studied in relation to oocyte developmental competence, where altered expression of these genes in cumulus cells has been observed following maternal ageing and up-regulation of VCAN has been associated with implantation and live birth (Gebhardt et al., 2011; Wathlet et al., 2011; McReynolds et al., 2012; Pacella et al., 2012) . Although expression levels of HSPA5 and PRDX3 have not previously been studied in relation to human oocyte developmental competence, the current study suggests that cumulus cells associated with lower quality embryos may up-regulate these genes in response to oxidative stress and ER stress in the ovarian follicle. Expression of these two cell Time-lapse parameters reflect embryo gene expression stress genes in cumulus cells could be potential biomarkers of embryo quality and should be confirmed in a larger cohort of embryos with live birth as an end-point. The current study also identified correlations between gene expression in cumulus cells and time-lapse parameters of the associated embryo. Overall, the expression of certain genes involved energy metabolism, mitochondrial biogenesis, signalling, steroidogenesis and cell stress in cumulus cells correlated to time-lapse parameters of the developing embryo. The two key oxidative phosphorylation genes, ATP6V1A and NDUFA1, were negatively correlated to early time-lapse parameters (P , 0.05), including t5C rPNB which has been shown to be an important indicator of implantation success (Meseguer et al., 2011) . On the other hand, expression of two genes that are involved in maintaining the mitochondrial DNA that encodes subunits of the respiratory chain, POLRMT and TFAM, showed positive correlations towards cleavage intervals (P , 0.05). These positive and negative correlations suggest the importance of mitochondrial performance in cumulus cells for the rate of development in early embryos.
The current study also suggests that the expression of cumulus metabolism genes in the glycolytic pathway may influence the speed at which embryos cleave. The expression of the two glycolytic genes, PFKP and LDHA, and the glucose transporter SLC2A4, were correlated with timelapse parameters (P , 0.05), including t3C-2C (PFKP and SLC2A4) which has previously been suggested to be predictive of blastocyst formation (Wong et al., 2010) . Taken together, the results for the expression levels of mitochondrial and glycolytic genes in cumulus cells provides support that the metabolic status of the cumulus cells determines, at least in part, the cleavage rate of the embryo derived from that follicle.
The present study also indicated that the expression of cell stress genes in cumulus cells was positively related to time-lapse parameters, with higher expression of the ER stress marker HSPA5 and the mitochondrial antioxidant PRDX3 being related to slower division of cleavages from the 2-cell to the 5-cell stage (P , 0.05). Specifically, the correlation of HSPA5 and PRDX3 with t4C rPNB, the timing which is associated with the formation of high-quality blastocysts in the current study, suggests that there could be an important relationship between these genes and early embryo development. It is possible that up-regulation of these genes signifies cumulus cell stress and an altered follicular environment, a change which may extend the developmental timeline of the embryo. Thus, the embryo may take longer to reach certain early cleavage events because of exposure to cumulus cell stress or conversely its own intracellular oxidative stress or ER stress that is reflected by the cumulus cells.
Interestingly, some of the genes proposed by previous studies as cumulus cell biomarkers of embryo developmental competence have been identified in the current study as being correlated to time-lapse parameters of the developing embryo. Expression of two of these genes, CYP11A1 and PTGS2, showed significant associations with timelapse parameters of the developing embryo in the current study. CYP11A1, the steroidogenesis gene most widely reported in previous studies to be related to embryo developmental competence, was positively correlated to both t3C rPNB and t3C-2C (P , 0.05) (Grøndahl et al., 2012; McReynolds et al., 2012; Wathlet et al., 2012) . Additionally, PTGS2 was found to positively correlate to these early cleavage timings (P , 0.05), and negatively correlate to t4C-3C (P , 0.05) in the current study (McKenzie et al., 2004; Gebhardt et al., 2011) . Expression of cumulus cell biomarker genes may also reflect aneuploidy, as chromosomal errors in the oocyte could affect gene expression in the cumulus cells or, conversely, an altered follicular environment may predispose the oocyte to these errors (Fragouli et al., 2012) .
Taken together, the expression of a selection of genes in cumulus cells were correlated with the rate of embryo cleavage. For many of these, the function of the gene and the association of higher expression with faster or slower cell division is a relationship which is physiologically plausible. These observations support the hypothesis that the follicular environment that occurs between the oocyte and the surrounding cumulus cells affects the oocyte and thereby influences embryo development (Gilchrist et al., 2008) . It is natural to assume that it is the cumulus cells that determines the oocyte's, and hence the embryo's, developmental competence. However, this signalling is bidirectional, meaning that a poor quality oocyte may negatively affect its nurturing cumulus cells, and therefore may be another mechanism by which differences in developmental competence occur. Of note, the follicular environment may be affected by different ovarian stimulation protocols in addition to the known effects of ageing, however due to the small sample size, the current study could not evaluate these relationships directly.
To the best of our knowledge, this is the first study to investigate relationships between cumulus cell gene expression and time-lapse parameters of the developing embryo. A previous study has shown that time-lapse parameters reflect gene expression profiles of the developing embryo itself, and that those embryos that reach the blastocyst stage exhibit predictable time-lapse and gene expression phenotypes, supporting the concept that aspects of embryo quality are determined early in development and inherited from the oocyte (Wong et al., 2010) . The current study reinforces this concept, but also provides novel insight into how the cumulus cells may be involved in determining the developmental potential of the oocyte, as reflected in the early cleavage timeline of the developing embryo.
The current study was also designed to test whether cumulus cell gene expression and time-lapse parameters of the associated embryo could be combined to better predict embryo quality on Day 5. Following univariable ordinal logistic regression, cumulus cell expression of the oxidative phosphorylation gene NDUFA1 (P , 0.05) and the mitochondrial antioxidant PRDX3 (P , 0.01), and t4C rPNB (P , 0.05) of the developing embryo showed a significant association with embryo quality on Day 5. Following multivariable ordinal logistic regression, these combined variables improved the ability to predict embryo quality on Day 5 (P , 0.01), however none of the variables had a significant influence on the prediction within the final multivariable model and all showed relatively equal predictive abilities (P . 0.05). It is possible that the small sample size of the present study (78 embryos) limited the predictive power in this multivariable modelling. The finding that some of the candidate genes in cumulus cells correlate with time-lapse parameters suggests that these two types of variables are measures of the same underlying processes, contributing to a loss of significance following multivariable modelling. Therefore further investigations aimed at identifying genes that are predictive of blastocyst development, but are not correlated to time-lapse parameters, will be the most useful for prediction modelling. Although none of the variables identified significantly contributed to the model in our study, the concept deserves further investigation into the relationships between gene expression in cumulus cells and subsequent timings of early cleavage events and whether they could be combined to create better prediction models of blastocyst quality in a larger sample cohort. Further, the ultimate goal of developing markers for embryo quality, such as cumulus cell gene expression and time-lapse parameters, is for them to be predictive of pregnancy and live birth outcomes. While the sample size of the current study was too small to assess these outcomes, due to the presence of confounders such as endometrial receptivity, the findings do suggest an interesting relationship between cumulus cell gene expression and time-lapse parameters in the preimplantation embryo.
In summary, previous studies have shown that oocyte maturity, embryo quality, blastocyst rate, blastocyst grade and implantation are related to cumulus cell gene expression. Similarly, a number of studies have suggested that time-lapse parameters of the developing early embryo predict blastocyst formation, blastocyst quality and implantation. For the first time, the current study showed that correlations exist between cumulus cell gene expression and the time-lapse parameters of the developing embryo. Specifically, genes involved in energy metabolism, mitochondrial biogenesis, signalling, steroidogenesis and cell stress were found to correlate to time-lapse parameters, mostly occurring from the three cell stage onwards. This finding supports the idea that the developmental timings of the embryo are influenced by the ovarian microenvironment in which the oocyte developed and are thus reflected by the surrounding cumulus cells. It is possible that some of these metabolic activity genes identified in cumulus cells may influence the cellular machinery of the oocyte that is responsible for cellular division. Ultimately, the expression profile of the cumulus cells may account for some of the variation observed in the developmental timings of individual embryos. The present study also observed that expression of genes in cumulus cells, namely ATP51, HSPA5, PFKP, PRDX3, VCAN, and NDUFA1, and also the time-lapse parameter t4C rPNB, are related to embryo quality on Day 5. While significant prediction variables were not identified through modelling in this embryo cohort, our results do support further investigation into the relationships between cumulus cell gene expression and time-lapse parameters in order to gain additional understanding of the variables that influence early embryo development and establish whether embryo quality, and ultimately live birth, can be predicted based on these.
